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The problem of increasing the proGture ratio per stage of an axial 
flow compressor is studied in part by considering the effect of boundary 
layer control by area suction on the throe dimensional turbulent boundary- 
layer flow on the casing in one stage of a compressor. 

The effect of thic bcunaary layer control on the prevention of 
separation is investigated. Crossflow and crosswise variation of cross- 
flow in the boundary layer are factors contributing to the tendency to- 
wurd separation ana the effeot of boundary layor control on this phen- 
omenon is determined. This analysis is limited to the boundary layer 
on the casing und does net take into conoid crettion tho possible separa- 
tion taking place at tho blades. 

The boundary layer equations are usoo to obtain tho momentum inte- 
gral equations with suction applied at the surface. The method of small 
perturbations is applied to the equations in order to simplify them so 
that a solution nay be reached with relatively little effort. Express- 
ions arc assumed for the boundary layer profiles, flow path outside tho 
boundary layer, and shear stresses. These ore in a fora which closely 

..a. 

resembles the actual conditions. 

a 

In order to show what effoct boundary layer control exerts, a simpli- 
fied single stage compressor is studied. The results shot, that crossflow 
can be reduced by applying suction to tho boundary layer with a result- 
ant decreased tendency toward separation of tho flow, but this is reached 
only urter a certain minimum suction velocity is attained. If the suction 
velocity is less than this minimum, in spite of the decrease in bounuary 
layer thickness the crossflow will be increased over that of a solid wall 
and likewise the tendency toward separatien will increase. 
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I - INTRODUCTION 

In the cesign of an axial flow compressor it woulc be desirable 
to obtain a higher pressure per stage while still maintaining the 
high efficiencies presently attained. The application of axial 
flow compressors to turbojet engines in aircraft has dictated this 
desirability since a higher pressure ratio per stag© would require 
fewer stages to reach the same overall pressure rise without affect- 
ing the performance of the engine. This reduced number of stages 
would decrease the weight of the compressor and thereby increase the 
overall performance of the aircraft. 

The present day designs are limited, however, by the real fluid 
effects to a relatively small pressure riee per stage. Ex- 

perience has shown that any increase over this amount causes a sharp 
decrease in efficiency below the approximately 90 % currently attain- 
able. Consequently the issue at hand is the increase in pressure 
ratio per stage without an accompanying decrease in efficiency, 

A 

The real 'fluid effects which are of importance in compressors 
are the separation of the boundary layer from the blades and casing 
walls and also the general lowering of the momentum due to crosswise 
transport of boundary layer air. 

The separation of boundary layer In compressors is caused not 
only by the usual unfavorable pressure gradients in the direction of 
the flow, but also by the crosswise variation of crossflow in the 



bourjdary layer. This crossflow is croatcd by the curvature of the 
passage 1 1 rough which the flow travels, an indication of conditions 
believed to c:d.st is shown in Fig. 1. As the flow trawls through 
the curved passage, a crosswise pressure gradient is induced. Tix 
fluid in the boundary layer on the casing is sieving at a lower volo- 
citv than that outside the boundary layer and since the pressure hi 
tlic layer is the sane as outside the la-'cr, the particle paths in the 
boundar layer have greater curvature than those outside tbo layer. 

The result is a crosswise flow of air in the bounder/ layer which un- 
der conditions evicting in compressors periodically increases and de- 
•croascs the ixraenturj of the fluid moving in the direction of the flow 
outsido the boundary layer. The result of these changes is an in- 
creased tendency/ - towai’d local boundary layer separation over that 
caused by an unfavorable pressure gradient in tho direction of notion. 
This occurs at certain points usually located on tho casing walls and 
at idle exit frora the rotor blading. 

Tho local separation of boundary layer is not the only undesir- 

r* 

able effect of crossflow* In addition, tliis crosswise flow, which tal:e 

t 

place at right angles to the flow outsido the boundary layer, sets up 
a circulatory notion or "secondary flaw", that results in the transfer 
of boundary layer air into tiie center of the blade passage and replen- 
ishment of tho region close to the walls with high nosaontun air. Con- 
sequently tlierc is a tendency to equalise the noncnfcian state between 
the rain flaw arid the low nonentua fluid, and an additional inci-eascd 



frictional losa which the high momentum air experiences when brought 
near to the walls. The general influence of this flow is te lower 
the momentum of the main body of flow. (See Ref. 1.) 

From the above discussion it is apparent that the chief source 
of undesirable real fluid effects in compressors is the existence of 
crossflow in the boundary layer. By eliminating the crossflow on 
the casing, one may expect not only to reduce the likelihood of local 
boundary layer separation, but also to prevent the decrease in over- 
all momentum of the flew. Consequently, cue to such elimination it 
should be possible to increase the angle through which the flow is 
turned, and thus to increase the pressure rise per Btage without the 
usual accompanying loss in efficiency. 

One promising method of boundary layer control in two dimensional 
flow is the application of suction. Results have indicated that by 
use of suction, the separation of two dimensional boundary layer may 
be retarded* (See Ref. 2.) The effect of suction on three dimensional 
bouncary layer flow, however, has not been investigated and it is not 
clear at once whether suction will similarly prevent separation in 
the presenoe of crossflow. Furthermore it is not known if there are 
any additional requirements on this suction and if so, what they are. 

The present study is concerned with the problem of increasing 
the amount of turning and thereby tho pressure rise in a blade passage 
by applying suction to the boundary layer at the casing. The effect 
of this boundary layer control on three dimensional boundary layer 
flow will be investigated. Once the requirements for suction which 
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minlmizes the effect of crossflow in the boundary layer for any given 
turning are determined, the estimates of gain from such control in 
terms of increased pressure ratio can easily be made. 

Various means of boundary layer control have been proposed for 
airfoils. (See Ref. 3.) One such method is by a 6lot cut in the sur- 
face with the boundary layer drawn off through this slot. Ihe most 
efficient position of this slot for the prevention of separation was 
determined to be at the point of separation. Since this changes under 
different conditions, this type of control appears not sufficiently 
flexible for practical application. Another method is to apply 
suction through a porous material over an entire area of the surface. 
This introduces the question, when this type boundary layer control is 
applied to. a compressor, of where the suction should be applied to be 
most efficient. The structural properties of the porous materials 
themselves become of great importance in a compressor application. The 
surface roughness is another consideration since this would appear to 
be greater than for a solid wall, with presumably a greater shearing 
force at the wall. 

At the present time there are materials available which can be 
used in this type of application and their properties are adequate 
from this viewpoint. Electroplated mesh has a very smooth surface and 
can be made to any desired degree of porosity. Porous bronze is not 
quite so smooth, but has the advantage of greater strength. Through 
the use of powder metallurgy techniques it should be possible to ob- 
tain almost any desired combination of strength and porosity. • For 
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exanple, a change in materials as well as sintering temperatures cr 
pressures can be used in obtaining the desired results. Ref. 4 shows 
the results of test runs on boundary layer control using various 
materials. 

If in a particular application the desired strength for a com- 
pressor casing could not be found inherently in one of , the porous 

metals, a double shell could be constructed. The cuter 6hell could 

/ 

be made the load-carrying member end the inner shell the porous mem- 
ber. The area in between could 3erve as air removal duct. In this 
same manner of using two -shell construction, the distribution of 
suction could be varied in any manner desired by using a porous sur- 
face of uniform porosity and then backing this suction surface in the 
area where le33 flow is desired by some such material as steel wool. 

Several important points must be considered when discussing the 
most efficient method of applying suction to a compressor boundary 
layer. Firs£, it Is highly desirable to maintain the high efficiency 
of the compressor and therefore it is necessary tc remove the minimum 

v-fc 

amount of air consistent with the realisation of the desired results. 
Second, the tendency toward separation is not the same in each stage 
of a multistage compressor but increases in the latter stages due to 
increase in boundary layer thickness. In considering this first 
point, it seems logical to assume that one way of removing a minimum 
of air is to distribute tho suction in such a way that it is propor- 
tioned to the thickness of the boundary layer. Thus where the .Momen- 
tum loss is greatest, the greatest amount of air will be removed. 
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As tiie boundary layer grows thinner under the iafluenco of the suction 
applied, the suction velocity Itself will be reduced, thus reducing 
the amount of air removed. The second point raises the question of 

just where would be the best jlace to apply this optimum Buction dis- 

/ 

tribution. If it were applied over the entire casing, more air would 
probably be removed than if it were applied to only the later stages 
and the results might only be wasted on the early stages. Since this 
analysis is limited to a single stage, it is not anticipated that any 
definite conclusions can be crawn to satisfy this question. 



I! - DERIVATION OF GHd'JRAL tOJATlOHS 



Prunotl^ cirylific. tion t PrandtI's sia.lification of the equations 
of motion results in th? equations for boundary layer flow. The 
method of simplification is given in Ref. 5, and a brief resume will 



be given for the convenience of the rearer . 

Considering steady turbulent flow >ith no impressed forces, the 
equations of notion may be •. , ;ritton: 



(u JiL. -v ^ 4. ^~= ife- 4 dt xy . 

{ tx a/ 3x a* ^ ay ^ 
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Inasmuch as the shearing flow has : n extension much smaller 
in they direction th - n either the X or u directions, the velocity/^" 
becomes of the order of the extension in y direction anc may bo neg- 
lected when compared to the velocities U- a ndar. Assuming that the 
accelerations are of the e&ao ordor of magnitude as the shear forces, 



the rate of change of shear in tbeX and 2- directions become neg- 
ligible when compered to that in the y direction. Furthermore, the 
snail transport of momentum in the vertical direction reduces the 
momentum equation in the y direction to 3 Consequently the 

change of pressure through the boundary layer in they direction may 
be considered equal to zero ana the pressure considered us determined 
by the flow outside the boundary layer. Thus the equations for the 
three dimensional turbulent bouncary layer flow c«n be written: 






4 /V 4 



**=. - _ JL. iJL +. J- a-frx 
^ C C 



(l.a) 



U>-4T +/V ^ *«£ 

3 * 2 i 



l i- 

e ** c *«t- 



(l.b) 



> + ±bc - o (i.c) 

fr* d ^ i)? 



Care must be taken that the application of these simplified equations 
is restricted to a region whose extension in the y direction is very 
much less than the extension in thex or? directions. 

These equations are concerned with the flow over a plane surface, 
but the results obtained can be extended to a circular cylinder without 
change. (Fee Ref. 6.) Fig. 2 shows the coordinate system to which 
equations (l.a), (l.b), ana (l.c) will be referred for further analysis. 
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The restriction placed on those equations In the process of simplifica- 
tion a till applies, so that the length in the X" direction and the raolus 
of curvature in the ? direction must bo very much greator than the 
thickness of the boundary layer in the y direction. Furthermore, the 
radius of curvature must be a constant for the flat plate equations to 
be used directly with the cylindrical coordinates, so that this analysis 
will be restricted to the boundary layer on tho casing of a compressor. 
r n addition, steady incompressible flow conditions are assumed to exist. 

Since these equations are to be considered when suction is applied 
to the boundary layer over an area of the wall, the vertical velocity 
at the wall is not zero as normally considered. It has an actual value 
which will be negative in algebraic sign following the convention of 
positive velocities in the positive directions of their respective 
axes. Consequently the boundary conditions aret 

at /l js=:0 ; -/-dr =0, AT - C<0 

at * (JL- TX , ajlT « TJO 

where A, is a constant greater than the boundary layer thickness. Since 
the flow under consideration is turbulent, all the terms used in these 
equations are mean values with respect to the time. 

Momentum Integral Equations i The pressure is considered as determined 
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by the flow ccnui lions outride tht boutr ary ltyer end by writing 
equations (1.&) and (l.b) in terns of the %'elcciticc outside, the 
bouncury layer the change of pressure in the X and 2 directions, can 
be co terrain od. The sheer stress outside of the bound) ry layer it con- 
cidored equal to zero. Thus: 

— Jr- JL£- r u. xU 2JZZ 

t i X ^ 9-% H 

L i _ tz JL5T + ter rL£f 

e Th ~ <> x T ^2 



substituting these terass into equations (l.u) and (l.b) ana integrating 
with respect to over the constant height (following the method of 
reference 7) leads to the monentum integral equations. 
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displacement and ucmentuit thicknesses ar defined os follows; 
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Equations (2. a) and (2.b) show that for the throe dimensional bound- 
ary layer, the momentum losses are mde up of the two dimensional 
effects plus additional terms caused by the three dimensional inter- 
action of momentum transport in the boundary layer. Setting the 
suction velocity C equal to zero reduces the equations to those de- 
termined in Ref. 2. To see the effect which the suction velocity has 
on the momentum loss, equations ( 2 . a) and (2.b) will be written with 
the assumption that the velocities outside of the boundary' layer are 
constant. 



Jrot , C. _ >6* 

e# 2 - xc * 



OCT ^0-A fr 

^ i. 



oTz 

e ct *■ 



, CGT" _ 

+ “ITS. - IT + 



The right hand sidts of these equations indicate the total change in 



the momentum loss in the boundary ltyer. Assuming thf t the shear 
stresses t the veil for a orous material arc the seme r.e for a 
solid boundary and remembering that C. has a negetive value, It can 
be seen that the total change in the Momentum loss in the boundary 
layer murt become smaller as the left hand side of the eouations be- 
comes smaller. This occurs as the suction velocity becomes a larger 
negetive quantity. Therefore a boundary layer to which suction is 
applied over an area of the mail will have a smaller momentum loss 
than one which is bounded by a solid wall, and the greater the suction 
velocity the smaller the momentum loss will be. 
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II i - SIMPLIFIED LCUAT10NS 

Method ol' Saaxl Perturbations : Equations (ii.a) ano (c.b) are non- 

linear uifi’ermtlal equations ana with their interconnecting terms it 
would be very difficult to find a solution in their present form. 

They can be simplified by the metriod of small perturbations, in this 
method the flow is considered a6 having a mean value u, on which small 
variations must be very ouch less than the mean value. If the three 
dimensional effects are considered as these small variations, the 
amount of turning of the flow accomplished in a blade passage must 
then be a small quantity. The small turning angle is one restriction 
which is put on the following analysis, but under real conditions it 
appears that the three dimensional effects actually are small when 
compared to the mean flow. Therefore the following assumptions will 
be made: 



~ to - a. 



* t *» y) + ^ (X 





VC = 



tt* GO + ttr'Ctf, ^,i) 



UJ r 



& ( 



/ / 

where: *4 



tC* 




fsgumed Floy Conditi ons Outside th o Boundary Layort In addition to 
the small perturbation procedure, an assumption can be mad© vshich 
rill further simplify the equations, still permitting retention of a 
sufficiently significant model. Thus consider: 



These assumptions preclude any acceleration in th*. axial direction 
outside the boundary layer (a condition which is imposed by continuity 
on cascades operating in incompressible flow) but consider the tangent- 
ial flow undergoing acceleration. The tangential velocity is small 
compared to the axial velocity, but is determined by both tho axial 
and tangential positions. 

Substi tviting these expressions for the velocities and neglecting 
second order -terms, equations (c.a) and (l.b) may be. written in the 

.-ie 

following simplified manner: 



tC* - constant 



ZC' - o 

of = ur'u t% ) 



. o _ o 

£ OX _ 3 C 

tre* 7 * a-x er° 




(3.b) 
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v.jproprl'ita expressions for the displacement and moraentura thicJcneasts 
are: 



Characteristic Scale Factors } Reasonable profile for the boundary 
layer velocity distribution oust now be assumed before equations 

: rk 

(3, a), (3.b) and (S.c) can be evaluated further. The zero order dis- 
tribution will be taken as the familiar l/7th power law for turbulent 
boundary layers; 



The first order terra of the axial flow component is the variation due 
to accelerations caused by the component of velocity at right angles. 








£ iw * t.4. V 



is assumed tc bt a fractional part of the zero order 
distribution and ite fern will be similar to that indicated by 
measurements carried cut in an actual compressor. (See Hof, a) 
Therefore t 



-§i ^ KFG, *““• 0= 0' f 1 )" = (i-ti) 1 " 

The profiles of F and GF are shown in Fig. 3. K is a dimensionless 
scale factor and is a function of X and 1 . 

The velocity distribution in the Z direction will be considered 
as having the some fora as that in the X direction ana can be written 



n # 
•*£> # 



r =F[i + to] 



u> 

XD 

where i - £(k,*) is another dimensionless scale factor. 

The functions F and Q are considered as zero order terns and since 

is & first order tern and very much lees than unity, K must be a 
TZ° 

tern of the first order and very ouch lees than unity. The tern 

- OCT 

is of zero oraer and therefore £ must be of zero order. 

Flow conditions in the boundary layer are completely described 
when the value of the mean flow, and the small variations which occur 
about this mean flow are determined. Therefore by evaluating the 
momentum thickness, ©;.k. and £. the flow in the boundary layer can be 
completely described since the, momentum thickness is a measure of the 
mean flow while ft and £ determine the small variations. It is 



assumed 
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tliat the profile shape does not change T;ith suction. 

Consider, eo an example, the velocity profile in the axial (inf- 
ection just at the point nhero separation is about to occur. At 
this point, u a * u‘ s o as *[ — *■ O > so tliat at tlio point of separation 
U° a - u ' at the vail. Fron the def 1’iitions of tho velocity profiles, 

U° sU * F 

u ' =tX 0 KFG 

so that : KG a d as — * O , -^ = K . 

u* 

At the point of separation *jji r - | arid a — | , so that to prevent 
separation of tlio axial flovr \{ rruct be greater than -1. 

Considering «C as the angle between the axial velocity conipo.iont 
and the actual flow direction in the boundary layer, tlie following 
relation ina y be observed; 

« . jbs- . wlFL'iiaj. 

ff* F[i - KG] 

> ir.ee K in a first order tern and very nuch loss than unity, the 
follovdng apirartodrjation my be made: 

-.-it 
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“! ffhc»-r Ftyv rr.’S* V' a the • > (*' recti no i r< the voJqc'.tior. 

rt ‘h " m 11 s o the fo3 lowing rdLiVon nay also be dofinod: 

tan o| — ^ _ 

t;< vc. K 

Being a first order term, 'Lox may be considered negligible with 
respect toXcr so that the following approximation may be matiet 

tan <k - fclgiL - J&l ( I 

r ° ar° K 

v o x 

From the above relations Involving £ , it ctJi bo seen that if 
£ :: O the flow at the wall has the sane deviation from the axial 
direction as the flow outside the boundary layer, since then 




But if £ fO the flow at the wall has a different deviation from the 

..a. 

axial diroction than the flow outside the boundary layer. Therefore 
the quantity nay be considered a noasure of th® crossflow in the 
boundary layer. Determining values of £ for varying aaounts of suction 
velocity would show in what manner, if any, the boundary layer suction 
would change the crossflow. 

Solution of the Monen tun- Integral Equations ! In order to solve the 
equations describing the flow in tb® boundary lnyor, some expression 
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nust be introduced for the shear stress at the vail . Fall: nor in 
Kef. i± proposed the fora which will bo used in this a.ialysis. IT do 
folia lias the advantage of being vci rj convenient for purposes of cal- 
culation, and also agrees quite veil with experimental data. TLo 
empirical expression nay be Witten: 




is a constant determined for ftilly turbulent flow; C^~ 0.00693* j 
and n\ = 1/6. 

It has been shewn already that the tangential shear stress at 
the tc.11 rosy be written in terns of the shear stress due to the neon 
flov: 




The Fallcner expression for shear, although used here with scro 
pressure gradient, is also used uhen such pressure {gradient exists. 
It is known that sucli an application gives good rcstilto as far ..s 

~W 

noraentun loss £s concerned. Conscquerrtlv, the effect of changes in 

tlie axial velocity on the shear in the X direction is neglected and 

1 

assured sero. 

Having assumed the velocity profiles and expressions for the 
siiear stresses in the boundary layer, it is no'./ possible to proceed 
with tho solution of equations (3. a), (3*b), and (3*c). The terns 

SO o 

0 * . e., etc. nay now all be written in terns, of 0* and the 



scale factors K and £. 



= ©: h 

e; -- e;(i-tr,) 
e* = -e* ki , 
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*i = <9* +£fij 



where 



Lj _ ■/! ( I - P ) < 0 l 

J -./sUltLA 



/,'0-F)F* 



1.2857 



...1504 



0.5425 



* 7 . /.' Chflf±Jn 
\ 1 JJ (/-P)fdV 

The generalized momentum thickness (§/Ls also introduced, to eliminate 



the Reynolds number from the equations. 

0* 



= e; fte) 

R _ _ 0x 



Q ~ 



~o 



where 



,L~ 



In view of the previous discussion of the optimum distribution 
of the suction velocity, that velocity will be prescribed as directly 
proportional to the momentum loss of the unperturbed flow. Thus, the 
greatest suction will be applied to the thickest boundary layer and 
a lesser amount of air will be drawn off where the momentum loss of 
the unperturbed flow is low. Therefore 

_C _ r Q° t r <© 

where C is the parameter determining the values of suction velocity 
desired. Equations (3.n), (3.b) ana (S.c) can thus be written con- 
taining three unknown <0> , K , and £. 




These equations can be solved for the three unknown by first determin- 
ing© from (4. a), proceeding to solve (4,c) for £ with the v&lue of (E> 
previously determined, and then substituting into (4.b) finally solv- 
ing for K . The solutions of the equations are* 
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(S.b) 



K* 



<H> li-M. 

1,-cr 



££x+C f 



^ 2 : 



Z+'W- 



(b.c) 



IV - APPLICATION TO A SPECIFIC 'iCTEL 

Model of a Compressor Stage t To determine the effect of suction 

applied to the boundary layer, a simplified model of a compressor 

stage will be utilized to determine the solutions of equations (6. a), 

(5.b) and (5.c). Various values for C, will then be assumed showing 

how the boundary layer changes with variation in suction velocity 

and whether the crossflow is affected. A sketch of this model is 

shown in Fig. 4. The flow through the approach passage is considered 

purely axial in direction. Ho suction is applied prior to the rotor 

blade row and the boundary layer grows unhindered in this region. 

Boundary layer suction is cossuenced at the leading edge of the rotor 

and continued throughout the length of the stage. This boundary 

layer suction is distributed in the assumed manner _C - Q Q * _ 

H° ' X 

This means that the suction oust be varied continuously over the 
length of the stage conceivably by varied porosity. 

It is assumed that the flew through the stages of a compressor 

A 

Is periodic in^that the turning accomplished in a rotor passage is ex- 
actly reversed in a stator passage. The mean path of fluid particles 
follows a spiral path through a compressor at a constant deviation 
from the axial direction. There is a variation about this mean path 
which varies periodically in both axial and tangential directions. 
Furthermore, the flow will be changed in different designs by utiliz- 
ing blades of different camber and thus changing the amount of turning 
accomplished. 




imtcly describing the flow through a compressor can be written as: 



(fee Fig. $.) TliO constant S is tbo distanco between correspondi:ig 
points on adjacent blades measured in the i direction. This will not 
be a constant value for an actual compressor stage duo to the radial 
divergence of the blades, but for simplicity of calculation it will 
be considered constant. The length of the eor^>rosoor stage is given 
by l , The term C«< is a measure of the inclination of the noan flow 

vj 1 

path from the axial direction and because ~^ 0 is assured a small 
quantity, tho value of this tern must be small. The trigonometric 
terms; take into account tho periodic nature of the flow. 

Tlie constant (^is a measure of the amplitude of the variation 
fron the mean path aid has a direct relation with tho turning angle 

.jfc- 

of the flow through a blade passage. The turning angle is denoted 
by (p , and <j)= 4^-4^ I'heie <P f is the angle between the absolute flow 
direction and the a:sLal direction at the inlet to the blade row, and 
<j>^ is tile sane angle at the outlet. Fig. 6 illustrates this defini- 
tion, and 
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is a first order tern and the approximation tan rl , - can be 

fC* 

used. Considering the length of one passage only, the ttrm sin* (tr-t) 
can b© written as sin* (7T - i~ — ) so that: 




Therefore 



4'V 4, = Ct[l- G»(air -|jJ 



lion solving for the average value of the turning for one blade pass- 



age where -£ goes from 0 to lj 



<|w = [/-Q<x(*nr£ )J dl 

Gives (f>CUA - Ct 

Given various ^mounts of average turning accomplished in a blade ; _a; 
age, the value of Cfc is immediately given. Values of turning angles 



up to approximately 20 are used in compressor design end while the 
approximations made in this analysis are not strictly valid for these 
high values, it is hoped that the indicated trends will be correct. 

Furthermore there is a direct relation between the turning angle 
and the pressure rise occurring in & blade passage. This cun be deter- 
mined in the following manner: 



APt - TX x - ta.o 4>J 



cr 



= Ct ['" 

The average value for this expression ie determined in the Bfeao manner 
go for the average turning angle and actually ©quale the ear.© value. 




Therefore any increase in the average turning angle will be reflected 
in an increase of the pressure rise across the passage. 

lata reported in Kef. 6 obtained from experimental runs t.is con- 
sidered in order to assums realistic initial values fer the boundary 
layer dimensions. The following values arc assumed for this applica- 
tion: 



® t * = 0.0613 in. £* 5 in. X© * to in. 

l?e = S1.SX to* S- 5.50 in. 



try 



Open substituting the expression for the flov. outside the bound- 
layer and the ussuael initial oonciticr.s into equations (i.u)> 



(S.b) ana (i.c) th« for lowing equations are obtained. These are only 
applicable to trie initial Btago of tb© chosen compressor model since- 
they do not contain the terms which would be obtained from the con- 
stants of integration C and C . 

3 ▼ 
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. c 



l-C,(l+h) 






C,<h n ) 



& 

- i-c 0*f)) 






(C.a) 



CD 

TC° 



X># 



[l-C^(2TT |) ] L 



l.+l 



I 

I 

c 



— C 



(6.b) 




© ,+n cLy (6 * c) 



give various amounts of suction velocity. The corresponding average 
suction velocities over the total stage length are given in Table I. 
Values of ^corresponding to average turning angles of 5°, 10°, 15°, 

6 

and £0 were used to show the effect of suction velocity on the bound- 
ary layer parameters. The solutions of equations (6,b) and (6.c) 

.at 

were obtained numerically using Simpson 1 s rule for which the total 
length was divided into ten equal intervals of one-half inch. Since 
at the stage inlet the flow is purely axial with no first order varia- 
tions of velocity, the constants of integration C^and C^in equations 
(5,b) and (5.c) connected to the initial concitions are both equal to 
zero and do not appear in (6.b) and (6,c). 



V - DISCUSSION OF RESULTS 



The effect of variation in suction velocity ana turning angle on 
the boundary layer parameters is shown in Figures 7, ,8 and 9. The 
values of these parameters are shown over the axial length of the com- 
pressor stage. The smallest value of X corresponds to the inlet to 
the rotor at which point suction of the boundary layer commences. The 
greatest value ofX is the outlet of the stator. The dimensions of X 
are in inches and both the rotor and stator are 2.5 inches long. 

For the distribution of suction assumed in this analysis, only 
small average suction velocities would be required to drastically re- 
duce the momentum thickness of the unperturbed flow in the boundary 
flow, as shown in Fig. 7. This momentum thickness and its growth 
over the length of a compressor stage for a solid boundary are shown 
as a reference for comparison with the momentum thickness experienced 
with boundary layer suction applied. For the solid wall, the momentum 

.A 

thickness increases continuously throughout the stage. As suction 

% 

velocity is applied and is increased, the loss decreases and tends to 
become a constant value over a certain portion of the stage. This can 
be seen in Fig. 7 for - - 150, where the momentum loss is practically 
a constant value over 00 % of the stage. 

The deviation of the direction of the flow at the wall from the 
direction of the main body of flow outside the boundary layer is indi- ' 
cated in Fig. 8. Again, the results obtained for a solid boundary are 
plotted for reference. This reference curve shows a greater deviation 
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at the outlet of the rotor than at any other point in the stage. For 
small values of suction velocity an Increase in this deviation takes 



mum deviation experienced on the solid wall. This maximum deviation 
still occurs at the outlet of tho rotor. As the suction velocity is 
increased above this value, the deviation begins to decrease until at 
C/ 1 * 0.703% it is again at approximately the value experienced on 
the solid wall. A shift of the point of maximum deviation has taken 
place, however, and it is now almost at the midpoint of the rotor. 

Thus the change in direction of flow at the wall is following the 
change in direction of flow outside the boundary layer more closely. 
Further increase in the suction velocity reduces the deviation and 
an improved flow condition results. For the highest value of suction 
velocity computed, the deviation has been considerably reduced and is 
periodic in nature over the stage length. In the second stage, the 
initial values of the characteristic factors would thus be lower than 
for a solid wall and the beneficial results would carry over to the 
second stage. The deviation differs across the blade passage with the 
variation in JL , and for the deviation will have its greatest 

value. The increased deviation of the boundary layer flow for low 
suction velocities is believed to be the result of an increased grac- 
ient in the crosswise direction due to the decreased thickness of the 
boundary layer. The suction appears to have some minimum value that 
must be reached before the effects of this gradient increase can be 



place; 




G.624% the deviation is almost double the maxi 



overcome 
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Thc effect of turning angle and auction velocity on the tendency 

i 

tovai*d separation of tho axial velocity component can be determined 
iron Fig. 9, for any amount of stiacing between blades. Hie value of 
for this analysis is known and the value at which axial velocity 
oeparation will occur at come particular point is shown on the curves, 
since S - 3.36, the value of S K which would lead to separation 



somewhere in tho passage must bo greater than 3*36. The point at 
uliich a: Hal separation will occur first is where ~ ~ 3/h. Correlating 
Fig. 8 and Fig. 9 shown that the tendency for soparation of the a: Hal 
velocity is greatest for the greatest crossflow 7 . It can bo seen frcca 
Fig. 9 tliat the stator is the area, in vliich separation lias the great- 
est te deucy to occur. Tliis figure refers specifically only to the 



axial velocity component. For true separation of the flow to take 

plaice, tho total velocity at the wall must be zero. Tills means tliat 

tli® variation about the mean velocity in botli the axial and tangential 

directions must be equal to and in the reverse direction of those neon 
v >* 

velocities, Thus, to determine the point of true oeparation. Fig. 0 
and Fig. 9- must bo ccxjparcd to find that common point in tho passage 

- i 

vkeic JS- £ ~ ~l n.xl ,5* K~ -3«36. It must be remembered, however, tliat 
the approximate method of computation used in this analysis does not 
permit accurate evaluation at separation ard bcyo:xi, but tho results 



are shown to indicate the treads. 



The results indicate tliat for this first stage true separation 
will not take place up to turning angles of 20°. For tho solid vail 
with no suction applied, separation of the axial component just be- 
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gine to tukc place at f'O ° turning angle, approximately half way 



through the stator. At this sane value of turning angle, the very 
low values of suction velocity show axial flow separation over the 
entire stator. The higher suction velocities do not chow any tenden- 
cy for axial flow separation to take place. A greater amount of 
turning could be accomplished before these higher suction velocities 
would allow axial flow separation to take place. Thus, there is an 
indication that crossflow can be reduced using reasonable values of 



duce beneficial results. Any value less than this, however, would 
be detrimental. 

The results seem to indicate that the effect of boundary layer 
control would be more pronounced if suction were started prior to the 
rotor inlet. The momentum loss could thus be reduced to a very low 
and practically constant value throughout the stage. Crossflow could 
thus bo kept to a minimum and therefore the flow should be even fur- 
ther improved,*^ In a multistage compressor, this would indicate that 

'-i 

suction should be applied prior to the first stage which undergoes 
separation effects. 

Concluding Remarks : It has been shown that boundary layer control 

can produce Improved flow conditions in an axial flow compressor 
stage by reducing the crossflow in the boundary layer and thereby re- 
ducing the tendency toward separation at the casing. Therefore, it 
should be possible to increase the pressure rise per stage of an 



suction velocity. A value 




should pro- 



axial flow cocpresaor by utilizing a groat or turning -ngle and apply- 
ing boundary layer control on the casing. It remains tc enulyxo 
•bother the advantages gained froa a reduced nunber of stages with 
suction required to achieve a given pressure ratio outweigh the loss 
of partially compressed air arising from suction and the necessary 

t 

•eight of suction equipment. 
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